This paper presents selected results of numerous ultrasonic reflection measurements on plates of laminated composites in which the angle of incidence of the acoustic wave and its frequency have been varied. These measurements have been carried out on biaxially laminated graphite-epoxy specimens utilizing water as a fluid coupling medium. The stacking sequence of the samples investigated is restricted to the case of 0-90' lamination. The data are compared to the results of a recent theoretical analysis based on an exact analytical treatment of wave propagation in a fluid-coupled orthotropic plate in conjunction with a transfer matrix approach. Reflection and transmission coefficients are derived for the multilayer anisotropic laminate from which the characteristic behavior of the system is identified. In general, very good agreement is found between prediction and experiment. Moreover, significant changes in the reflection spectra are observed and predicted, depending on the orientation of the composite plates.
In several recent papers [1] [2] [3] we have examined analytically and experimentally the interaction of ultrasonic waves with unidirectional fibrous composite plates immersed in water. With the plate wavevector oriented parallel to the fiber direction, dispersion-like curves of phase velocity versus normalized plate thickness have been constructed from reflection data for a graphite-epoxy plate, demonstrating anomalous behavior in the lowest order symmetric mode [1] . A more detailed treatment of the character and possible source of the anomaly, along with the derivation of an analytical expression for the reflection coefficient of a transversely isotropic plate, has also appeared [2] . More recently [3] , these results have been extended to include the case of plate wave propagation at arbitrary angles to the fiber direction, clearly showing the influence of coupling to SH-like particle motion. In addition, since these last two contributions contain extensive reviews of the relevant literature in this area, we will not repeat that background here.
THEORETICAL SUMMARY
The analysis of this problem proceeds from our earlier calculation on a singlelayer fluid-coupled plate, which can have orthotropic or higher symmetry. Referring to the geometry of Fig. 1 , we introduce a local coordinate system xi(k)·with its origin at the interface of the k and k-llayers. Hence, layer k occupies the space 0 ~ ~(k) ~d.. where d. is the thickness of that layer. To simplify the exposition we further assume that guided wave propagation in the multilayered structure is always along one of the two inplane principal material axes. In that case there will be no x 2 particle motion, and all field variables will be independent of x 2 • At the plate-fluid interface the normal stress and displacement are conserved across the boundary and the shear stress vanishes. At the lamina interfaces, however, normal and in-plane displacements and normal and shear stresses are continuous, as usual.
For each layer the equations of motion are combined into simultaneous equations for the displacements u, and u 3 , and we postulate the formal solution (1) where U and W are displacement amplitudes, q is the x 1 wavenumber, and a is the ratio of the x 3 and x, wavenumbers. Requiring nontrivial solutions to the resulting equations, 2), and eliminating the common amplitude column of u .. yields (2) ( 3) where F,designates the field variables u,,u 3 ,<rw <r 13 , respectively. The [a.) are matrices composed of the anisotropic elastic properties of each layer and given in ref. [ 4] .
Continuing this procedure for each layer and satisfying the continuity conditions at the interfaces leads to relations between field variables at the top and bottom surfaces of the plate. Using the transfer-matrix approach [5] we have (4) where tion coefficient for the fluid-coupled multilayered plate of orthotropic laminae,
where Q=p 1 c 2 /CX 1 cis the guided wavespeed, and a 1 is the x 3 wavenumber in the fluid. The terms M,i are related, through the [A,), to the elastic constants of the materials comprising the layers and are given explicitly in ref. [ 4] .
EXPERIMENTAL TECHNIQUE
The analysis of wave propagation in terms of reflection properties of the fluidcoupled structure under study is a well established approach [6] . It has been used by us in our previous work on both Rayleigh and Lamb waves. To obtain the reflection characteristics of fluid-coupled plates we direct a sound beam from an ultrasonic piston transducer onto the surface of the plate at a chosen angle. The plate normal vector and the incident sound wave vector define the incident plane of the ultrasound. A second transducer of nominally identical frequency bandwidth and sensitivity characteristics, whose axis is also in the incident plane, receives the reflected signal from the plate. The receiver is oriented at the negative incident angle, and the point of intersection of its axis with the surface of the plate may either coincide with that of the incident transducer or may be displaced from it in the propagation direction. Detailed descriptions of the experimental geometry and the excitation waveforms for these measurements have been presented elsewhere [3, 7] and will not be repeated here.
In these experiments we have investigated two samples of graphite-epoxy composite, both biaxial laminates. These composites have been fabricated from Hercules AS/4 fibers and 3501 epoxy. Fiber volume fraction is measured to be 0.67. We have Normalization of the frequency spectra removes the transducer response function from the data. This step is performed by dividing the interpolated video-detected halfspace reflection spectrum into the experimental video signal.
The experimental use of finite-aperture piston transducers implies that an additiona! analysis procedure should be performed to compare the measured spectra with the calculations, which yield the plane-wave reflection coefficient. A finite ultrasonic beam is composed of an angular spectrum of plane wave components which define its profile. After its interaction with the plate, each component of the incident beam will contribute to the reflected field weighted by the appropriate value of the reflection coefficient for that incident angle e. Therefore, the reflected field can be represented by the sum of these contributions, (6) where R( ~,fd) is the reflection coefficient from Eq. (5) for the composite plate and~(~) is the incident beam spectrum. The expression of Eq. (6) evaluated over frequency is a one-dimensional approximation to the reflection spectrum of the plate, where the beam profile ~ (x) is chosen to approximate the incident beam.
RESULTS AND DISCUSSION
For the case of the biaxially laminated composites dispersion curves are of less interest, since the behavior in these samples is clearly structure-dependent. We have represented the results instead as frequency spectra from which dispersion curves could be developed. An example of experimental and theoretical curves for a four-layer biaxial composite [0 2 ,90 2 ] 5 is shown in Fig. 2 . The dashed curve is the measurement, while the calculation is demonstrated as a solid curve. Only the relative amplitudes of the two curves have been scaled, since absolute reflectance has not been measured. An incident angle of 16' is selected, and the fiber direction in the upper layer is in the incident plane. Although the finite beam calculation outlined above has not been performed on the plane-wave reflection coefficient, comparison with the experimental data is still very good; nearly all details of the data are reproduced in the calculation. Since most of the data has been collected with no displacement between the two transducer sensitivity axes, little change other than a decrease in the sharpness of the minima should be seen in the theory curve after a recalculation according to Eq. (6). Figure 3 shows the result of rotating the incident plane by 90' while maintaining a 16' incident angle, so that the upper fiber layer is perpendicular to the wave propagation direction. The experimental reflection spectrum is markedly different, both in appearance and precise location of the minima. Yet the model calculation follows the data very well. This case, and many others we have examined, exemplify the complex nature of ultrasonic reflection in layered orthotropic materials. Clearly, a simpler model consisting only of mechanical properties averaged through the plate thickness would be unable to account for the difference between the data in Figs. 2 and 3.
A much more complicated situation is presented by a 12-ply laminate having an alternating structure in each layer. The lay-up scheme for this sample is [0,90] 35 • Figure  4 shows measurements for an incident angle of 30' and the upper layer fibers in the incident plane. In Fig. 5 the incident plane is rotated 90'. Comparison of these two cases reveals that even with as many as 12 alternating layers, the order of the anisotropic layers is still important. The minima near 1 and 2 MHz are basically constant between the two cases, but significant differences in the structure of the curve minima occur above this frequency. These variations can be attributed only to the order of layering, a relatively surprising result since only the slow transverse quarter wavelength in the 90' layers is approaching the layer thickness.
If we now rotate the sample through an angle other than 90', neither principal axis will lie in the incident plane. This situation corresponds to the most general orthotropic multilayered problem, equivalent to a quasi-isotropic laminate. The analysis requires a moderate increase in complexity over the summary given above [4] . Figures 6 and 7 show the reflection spectra from the [0 2 ,90 2 ] 5 plate at incident and rotation angles of 16' and 30', and 24' and 25', respectively. Since no special care has been taken in the preparation of the composite samples, nonuniformities in ply thickness or fiber orientation and density could account for the modest differences between prediction and experiment. In spite of these minor disparities, most features in the experimental spectra are reproduced in the calculation.
